Perifosine belongs to the class of alkylphospholipid analogues, which act primarily at the cell membrane, thereby targeting signal transduction pathways. In phase I/II clinical trials, perifosine has induced tumour regression and caused disease stabilisation in a variety of tumour types. The genetic determinants responsible for its cytotoxicity have not been comprehensively studied, however. We performed a genome-wide analysis to identify genes whose expression levels or genotypic variation were correlated with the cytotoxicity of perifosine, using public databases on the US National Cancer Institute (NCI)-60 human cancer cell lines. For demonstrating drug specificity, the NCI Standard Agent Database (including 171 drugs acting through a variety of mechanisms) was used as a control. We identified agents with similar cytotoxicity profiles to that of perifosine in compounds used in the NCI drug screen. Furthermore, Gene Ontology and pathway analyses were carried out on genes more likely to be perifosine specific. The results suggested that genes correlated with perifosine cytotoxicity are connected by certain known pathways that lead to the mitogen-activated protein kinase signalling pathway and apoptosis. Biological processes such as 'response to stress', 'inflammatory response' and 'ubiquitin cycle' were enriched among these genes. Three single nucleotide polymorphisms (SNPs) located in CACNA2D1 and EXOC4 were found to be correlated with perifosine cytotoxicity. Our results provided a manageable list of genes whose expression levels or genotypic variation were strongly correlated with the cytotoxcity of perifosine. These genes could be targets for further studies using candidate-gene approaches. The results also provided insights into the pharmacodynamics of perifosine.
Introduction
Perifosine (NSC639966; Figure 1 ) belongs to the class of phospholipid analogues or alkylphospholipids, which have anticancer activity in both in vitro (cell culture studies) and in vivo (animal modelbased studies) model systems. 1, 2 Functionally, perifosine resembles natural phospholipids and acts primarily at the cell membrane, thereby targeting signal transduction pathways. Perifosine has been shown to inhibit, or otherwise modify, signal transduction through a number of different pathways, including mitogen-activated protein kinase (MAPK) and Akt. 2 -5 Preclinical studies suggest that perifosine inhibits protein kinase B/Akt phosphorylation and induces in vitro and in vivo cytotoxicity in cancer cell lines such as multiple myeloma cells, 4 HeLa cells 3 and prostate carcinoma cells. 2 Clinical studies have focused on daily oral dosing (after a loading dose), with two partial responses noted in soft tissue sarcoma (STS) patients, including one patient each with chondrosarcoma and leiomyosarcoma, 6, 7 as well as patients with renal cell carcinomas. 7 Furthermore, the phase II studies in STS patients were not designed to look for disease stabilisation, a potentially important endpoint for drugs targeting signal transduction pathways. 8 The genetic determinants that are responsible for perifosine's activity have not been comprehensively studied, however. Traditional candidate-gene approaches require a priori knowledge and the selection of a small number of candidate genes for hypothesis testing, while an in silico genome-wide approach could be used to identify any associated genes as potential candidates in an unsupervised way. The US National Cancer Institute (NCI)-60 resources have allowed genome-wide studies using a panel of 60 human cancer cell lines. 9 In addition to the genetic determinants, the NCI-60 resources also provide tools such as COMPARE 10 to identify compounds that show correlated cytotoxic patterns with a particular agent. These compounds, for example, could be potential agents for enhancing the response to a candidate drug or as a substitute for that drug.
The NCI-60 human cancer cell lines have been used in anti-cancer drug screens conducted by the NCI since the late 1980s. 9 The cell lines represent nine distinct tumour types: leukaemia, colon, lung, brain, renal, melanoma, ovarian, breast and prostate. The Developmental Therapeutics Program (DTP) at NCI 11 has maintained a database for the cytotoxicity data, as represented by the GI 50 (the concentration required to inhibit cell growth by 50 per cent) on .40,000 cytotoxic agents, including perifosine. 12 A handful of gene expression datasets using high-throughput platforms such as the Affymetrix oligonucleotide microarrays and cDNA arrays of the untreated NCI-60 cell lines are now publicly available at the DTP/NCI website (Table 1) . Recently, the NCI-60 cell lines were genotyped for 120,000 single nucleotide polymorphism (SNP) markers using the Affymetrix Human 125K Mapping Array manufacturers details. 13 By associating gene expression or SNP genotypes in untreated NCI-60 cell lines, investigators have been able to predict the chemosensitivity of various cytotoxic compounds. 14 -16 Here, we report a list of candidate genes whose expression levels or genotypic variation were found to be strongly correlated with the cytotoxicity of perifosine using these publicly available NCI-60 databases. The genes identified could be studied further using a candidate-gene approach. They also could provide new insights into the pharmacodynamics of perifosine.
Materials and methods

Cytotoxicity data
The 60 NCI-60 human cancer cell lines were originally exposed to .40,000 compounds at NCI/ NIH and outside laboratories. The growth inhibitory effects of each compound were measured for each cell line and reported as the GI 50 (for details, see the DTP/NCI website 17 ) and maintained in the DTP/NCI online databases. Cytotoxicity data on perifosine (NSC639966) and other agents were obtained as the normalised -log 10 [GI 50 ] values (released in September 2005). The NSC numbers and common names for the standard agents were retrieved from the DTP/NCI website.
COMPARE analysis
The COMPARE software 10, 18, 19 maintained at the DTP/NCI, was used to screen .40,000 synthetic or natural compounds for agents that showed correlated cell growth (GI 50 ) patterns with that of perifosine. COMPARE generates rank-ordered lists of compounds based on the similarities of cytotoxicity patterns. Every compound from one of several specially prepared databases is ranked for similarity of its in vitro cell growth pattern to the in vitro cell growth pattern of a selected seed or probe compound (ie perifosine). Top-ranking agents based on Pearson correlation coefficient r, whose GI 50 patterns correlated with that of perifosine, were reported by the software. To control false correlations due to small sample size, the minimum number of cell lines in common for two compounds to be included in the calculation was 50. We further set the cut-off for COMPARE analysis at jrj ¼ 0.6 (equivalent to nominal p , 0.000001, assuming 40,000 compounds and n ¼ 60, Bonferroni corrected p , 0.05).
NCI-60 microarray expression datasets
The NCI-60 microarray expression datasets (released in August 2005) were downloaded from the DTP/ NCI Molecular Target Databases. 20 These datasets comprise gene expression data on untreated NCI-60 cell lines using different microarray platforms (Table 1) . Genes or probe sets that had missing data in more than six cell lines (10 per cent) were not included in the final analysis dataset.
NCI-60 SNP genotyes
The genotype calls for 125,937 SNPs in 58 NCI-60 cell lines were to be downloaded from the DTP/NCI website using the Affymetrix Human 125K Mapping array. 13 We removed uninformative SNPs, such as those with identical genotypes across all cell lines or those with missing data in more than six cell lines (10 per cent). Only SNP markers with at least two data points per genotype were included in the association studies. This left 34,040 highly informative SNPs in the final analysis dataset. Three exploratory genetic models (additive, dominant, recessive) were used to evaluate the association between genotype and cytotoxicity. Given the genotypes of a SNP marker (AA, AB, BB), the genotypes were encoded as (AA ¼ 0, AB ¼ 1, BB ¼ 2) in the additive model, (AA/ AB ¼ 1, BB ¼ 0) in the dominant model and (AA/AB ¼ 0, BB ¼ 1) in the recessive model.
Identifying associated copy number alterations
Data on copy number alterations in the NCI-60 cell lines as reported by Garraway and colleagues 13 were downloaded from the DTP/NCI website. 
Linear regression model
We performed genome-wide associations between the gene expression (or genotype) and cytotoxicity data. Pearson correlation coefficients and the associated p-values were computed using a linear regression model, which was implemented as the lm function in the R Statistical Package. 21 Specifically, the cytotoxicity, as represented by -log 10 [GI 50 ], was modelled as dependent on either gene expression or genotype. To adjust for multiple tests, the false discovery rate (FDR) was controlled using the Benjamini and Hochberg step-up FDR procedure 22 (FDR BH ). An FDR cut-off of 10 per cent was used to identify candidates for further analyses.
Associations with standard agents
Associations between the identified genes and the cytotoxicity data on the 171 anti-cancer agents in the NCI Standard Agent Database 23 were performed to evaluate perifosine specificity for our gene list. The standard agents cover a variety of mechanisms, besides being phospholipid analogues, and were originally determined by Boyd. 24 The same cut-off (FDR BH , 0.10) was used to determine if an identified gene was associated significantly with any standard agents. The genes that showed no significant associations with any of the 171 standard agents using any dataset were denoted 'perifosine specific'. Genes that showed associations with any of the 171 standard agents using any dataset were denoted 'non-specific'.
Gene ontology and pathway analyses
We used Onto-Express and Pathway-Express 25 -27 to search enriched biological processes and known physiological pathways among the perifosinespecific genes from the Gene Ontology (GO) 28 and Kyoto Encyclopaedia of Genes and Genomes (KEGG) databases. 29, 30 GO terms or KEGG pathways that were over-represented relative to the corresponding analysis sets (two hits or more, binomial test at FDR BH , 0.05) were called 'enriched' in our gene list.
STS expression database
The identified perifosine-specific genes were queried against a STS expression database, which characterised eight gastrointestinal stromal tumours, eight monophasic synovial sarcomas, four liposarcomas, one myxoid, 11 leiomyosarcomas, eight malignant fibrous histiocytomas and two benign peripheral nerve sheath tumours (Schwannoma). 31 Genes differentially expressed among different sarcomas were provided by the database using significance analysis of microarrays (SAM). 32 
Results
COMPARE analysis
At p , 0.05 after Bonferroni correction, the COMPARE software 10,18 identified 24 agents with positive correlation with the cytotoxicity pattern of perifosine. By contrast, no agents with significant negative correlation were identified. Table 2 shows some top-ranking agents (r . 0.6) with wellcharacterised chemical names. Among them, some clearly belong to the same drug class as perifosine: miltefosine (NSC605583, r ¼ 0.81) and edelfosine (NSC324368, r ¼ 0.68). Edelfosine was further used as a representative of phospholipid analogues to verify the associations detected from perifosine (Supplementary Table 1 ). Table 3a lists the perifosine-specific genes identified from the microarray expression datasets. The nonspecific genes are listed in Supplementary Table 2 .
Genes with expression associated with perifosine cytotoxicity and GO and pathway analyses
The GO and pathway analyses were then carried out to find any enriched biological processes and known KEGG pathways among the perifosinespecific genes (Table 4) .
At FDR BH , 0.10, no genes were associated with perifosine cytotoxicty using the MP-6800 dataset, although at a more lenient cutoff (FDR BH , 0.25), one gene, FABP5 (encoding fatty acid binding protein 5), could be described as being significantly correlated with the sensitivity response to perifosine. The expression of FABP5 was denoted as non-specific, as it was also associated with one standard agent. For the two Affymetrix U95 series of microarray datasets (GL-U95 and NP-U95), one gene, DZIP3 (encoding zinc finger DAZ-interacting protein 3), was correlated with the resistance response to perifosine using both datasets (FDR BH , 0.10). DZIP3 was denoted as perifosine specific, as it showed no associations with any standard agents. In total, ten genes were found to be correlated with perifosine cytotoxicity (FDR BH , 0.10) using the GL-U95 dataset: five each with sensitivity and resistance. Of these, five did not show associations with any standard agents. The GO biological process 'ubiquitin cycle' was enriched among all ten genes (two hits or more, binomial test at FDR BH , 0.05); however, it was not significant among the five perifosine-specific genes. No KEGG pathways were enriched among the identified genes. By contrast, 79 genes were found to be correlated with perifosine cytotoxicity (FDR BH , 0.10) in the NP-U95 dataset. Among them, 30 genes were correlated with sensitivity, while 49 genes were correlated with resistance. Five GO biological processes were enriched among the 27 perifosine-specific genes (two hits or more, binomial test, FDR BH , 0.05). No KEGG pathways were enriched among the identified genes. Using the NS-cDNA dataset, 23 genes were identified, with significant associations with perifosine cytotoxicity (FDR BH , 0.10). Genome-wide identification of genetic determinants for the cytotoxicity of perifosine PRIMARY RESEARCH Among them, 12 genes were correlated with sensitivity and 11 genes were correlated with resistance. One GO biological process, 'DNA-dependent regulation of transcription', was enriched among the five perifosine-specific genes. No KEGG pathways were enriched among the identified genes.
SNPs associated with perifosine cytotoxicity
Three SNPs under the recessive model were found to be significantly correlated with the resistance response to perifosine (FDR BH , 0.10; Table 3b , Figure 2 ). These included two SNPs located in the introns of CACNA2D1 (calcium channel, voltagedependent, alpha 2/delta subunit 1). The third SNP is located in an intron of EXOC4 (exocyst complex component 4). Using both additive and dominant models, these three SNPs did not show significant associations with any standard agents. By contrast, rs1468400 in CACNA2D1 was correlated with one standard agent under the recessive model.
Copy number alterations and perifosine cytotoxicity
At FDR BH , 0.10, no copy number alterations or gene amplifications were found to be correlated with perifosine cytotoxicity.
Querying gene expression patterns in STS cells
Perifosine-specific genes in Table 3a were queried against the STS expression database. 31 Genes that are either up-or downregulated in each type of tumour are listed in Supplementary Table 3 . Six genes (STK17B, IGF1R, POU4F1, CBS, MPDZ, EST2) were included in the database. With the exception of EST2, the other five genes were found to be up-or downregulated in certain STS cells.
Discussion
We performed a genome-wide analysis to identify genes whose expression levels were significantly associated with perifosine's activity, as represented by its cytotoxicity (GI 50 ). Four independent gene expression datasets of untreated NCI-60 cancer cell lines (Table 1) , using different microarray platforms, were used to evaluate the association between cytotoxcity and gene expression. We further focused on the identified genes that are more likely to be perifosine specific (Table 3) . Previous studies, using traditional candidategene approaches, have suggested that perifosine inhibits, or otherwise modifies, signal transduction through a number of different pathways, including MAPK and Akt. 2 -4 An in silico genome-wide scan without a priori knowledge in this work provided more candidate genes in an unsupervised way.
The use of COMPARE 10,18 allowed us to identify compounds that have similar cell growth patterns with perifosine ( Table 2 ). To limit the effects due to factors such as small sample size and multiple comparisons, we took measures to control potential false positives. Compounds including those belonging to the same drug class as perifosine (such as miltefosine and edelfosine) were among the top-ranking agents with strong positive correlation coefficients (r . 0.6, p , 0.05 after Bonferroni correction). Not surprisingly, a majority of the perifosine-specific genes were also significantly associated (nominal p , 0.05) with edelfosine, which was used to represent phospholipid analogues (Supplementary Table 1 ). The remaining few genes showed at least marginal associations (nominal p , 0.10) with edelfosine. This suggests that our list of perifosine-specific genes also contains a set of common genes that determines the pharmacodynamics of this drug class. To our knowledge, this is the most comprehensive list of associated genes for phospholipid analogues. The COMPARE program also retrieved drugs acting through different mechanisms ( Table 2 ). The shared cytotoxicity profiles could be explained by the common pathways between these drugs and perifosine. For example, the correlation with actinomycin, which inhibits transcription by binding DNA at the transcription initiation complex and preventing elongation by RNA polymerase, 33 could be explained via general transcriptional modulation (Table 4) .
We wanted to know the interactions among the perifosine-specific genes with known biological processes or pathways. Searches against the GO and KEGG databases identified six biological processes that were enriched among the perifosine-specific genes ( Table 4 ). Among them, the biological process of the ubiquitin cycle was identified with DZIP3 and USP6. Notably, DZIP3 was significantly associated with resistance to perifosine, using two of the Affymetrix U95 series of arrays (Table 3a ). The function of DZIP3, a ubiquitin ligase, 34 in the pharmacodynamics of perifosine has not been investigated, although, given the potential of ubiquitin ligases as anti-cancer targets, 35, 36 DZIP3 and the role of ubiquitin-dependent protein degradation could be an interesting candidate for further studies. The perifosine-specific genes also over-represented such biological processes as 'response to stress' and 'inflammatory response', which are more evidently related to drug response. Although no particular known KEGG pathways were found to be enriched among the perifosine-specific genes, many of these genes could be connected by a network of known physiological pathways ( Figure 3 ) which have interactions with perifosine through known mechanisms that lead to the MAPK signalling pathway and apoptosis. For example, perifosine can affect the phosphatidylinositol signalling pathway, Akt signalling pathway and MAPK signalling pathway. 37, 38 Some of our identified perifosine-specific genes are known to be involved in these pathways; for example, DGKE (the phosphatidylinositol signalling pathway) and MAPKAPK3 (the MAPK signalling pathway). Furthermore, the gene product of DGKE is involved in the phosphatidylinositol signalling system pathway and interacts with the phosphatidylinositol 3-kinase/phosphatase and tensin homologue deleted on chromosome 10 (PTEN)/ Akt pathways, 30 suggesting its potential role in the perifosine response. The connected pathways can be divided into three categories: 29 cell communication (tight junction, adherens junction and focal adhesion); immune systems (T/B cell receptor signalling pathways); and signal transduction (MAPK, Wnt, vascular endothelial growth factor and phosphatidylinositol signalling pathways).Given the fact that perifosine, as well as edelfosine, significantly affects the pathway of extrinsic apoptosis, 38 -40 our findings showed that while perifosine was involved in such pathways as the MAPK and phosphatidylinositol signalling pathways that can lead to apoptosis, 2 -4 it could also influence other interconnected pathways, such as those in cell communication.
Variation in DNA sequence is partially responsible for gene expression; 41,42 therefore, we performed an association test between SNP genotypes 13 and the cytotoxicity of perifosine. Different models (additive, dominant and recessive) were used to explore the genetic relationships between genotypes and cytotoxicity. Two SNPs (rs4236669 in CACNA2D1 and rs1345938 in EXOC4) showed strong perifosine-specific associations under the recessive model ( Figure 2 ). Since the expression of CACNA2D1 was not found to be significantly correlated with perifosine cytotoxicity, the relationship between gene expression and its genotypes is not straightforward. Given that CACNA2D1 is involved in the MAPK signalling pathway, 29 however, these SNPs could be interesting candidates for further studies.
Studies have shown that alkylphospholipids are a class of anti-cancer agents that perturb signal transduction pathways through inhibition of MAPK and Akt phosphorylation. 2 -4 These drugs have shown consistent clinical anti-cancer activity, but their systemic application has been limited by toxicity. Therefore, one impact of our list of genes could be to help to identify better targeted cancer types for perifosine. One potential candidate, for example, could be multiple myeloma, given the fact that the PSMA2 gene (associated with the sensitivity response to perifosine; Table 3a ) was found to be highly upregulated in multiple myeloma cells. 43 In fact, perifosine activity has been reported in myeloma preclinically. 4, 39 A recent multicentre phase II study of perifosine alone and in combination with dexamethasone for patients with relapsed or relapsed/refractory multiple myeloma suggested promising activity (eg stabilisation of disease) as combination therapy, with manageable toxicity. 44 Our results thus warrant further clinical trials for this tumour type. There is some evidence of perifosine having activity in STS, with responses reported in chondrosarcoma and leiomyosarcoma. 6, 7 Based on these studies, continued assessment of perifosine in STS also appears to be warranted. Given the heterogeneity of STS, it is a plausible hypothesis that there is an identifiable subset of tumours that will respond to this agent. 45 A search against a STS expression database 31 further indicated that a type of leiomyosarcomas that does not express calponin showed the best correlated pattern of gene expression with our perifosine-specific genes ( Supplementary Table 4 ). For example, STK17B (associated with the sensitivity response to perifosine; Table 3a ) is significantly upregulated in this tumour type, while POU4F1 and MPDZ (associated with the resistance response to perifosine; Table 3a ) are significantly downregulated in this tumour type, suggesting that this type of leiomyosarcoma could be a better target for perifosine. As the available STS expression dataset contains only 5,000 genes, 31 a more comprehensive dataset could provide more insights.
In summary, we used the public NCI-60 resources to identify a list of genes potentially relevant to the cytotoxicity of perifosine. Although there were some limitations; such as the gene coverage of the current microarray platforms, relatively small sample size of 60 cell lines and severity of multiple comparisons, our results not only confirmed that perifosine is involved in some known pathways (eg MAPK signalling) that can lead to apoptosis, but also suggested that it could influence some new candidate genes and pathways. Our unsupervised in silico analyses, therefore, could provide targeted candidates that are globally associated with the perifosine response for further studies. Supplementary Table 1a . A majority of perifosine-specific gene expression levels are associated with the cytotoxicity of edelfosine Genome-wide identification of genetic determinants for the cytotoxicity of perifosine PRIMARY RESEARCH Supplementary Table 3 . Perifosine-specific genes whose expression levels are up-or downregulated in STS Table 3 in the text). b STS type (see Nielsen et al. 2002) . 31 
